THz absorption spectra have been recorded for the weakly bound molecular complexes of H 2 O with C 2 H 4 and C 2 H 2 embedded in cryogenic neon matrices at 2.8 K. The observation and assignment of a large-amplitude acceptor OH librational mode of the C 2 H 2 -H 2 O complex at 145.5 cm −1 confirms an intermolecular CH··O hydrogen-bonded configuration of C 2v symmetry with the H 2 O subunit acting as the hydrogen bond acceptor. The observation and assignment of two large-amplitude donor OH librational modes of the C 2 H 4 -H 2 O complex at 255.0 and 187.5 cm −1 , respectively, confirms an intermolecular OH··π hydrogen-bonded configuration with the H 2 O subunit acting as the hydrogen bond donor to the π-cloud of C 2 H 4 . A (semi)-empirical value for the change of vibrational zero-point energy of 4.0-4.1 kJ·mol −1 is proposed and the combination with quantum chemical calculations at the CCSD(T)-F12b/aug-cc-pVQZ level provides a reliable estimate of 7.1±0.3 kJ·mol −1 for the dissociation energy D 0 of the C 2 H 4 -H 2 O complex. In addition, tentative assignments for the two strongly infrared active OH librational modes of the ternary C 2 H 4 -HOH-C 2 H 4 complex having H 2 O as a doubly OH··π hydrogen bond donor are proposed at 213.6 and 222.3 cm − 1 . The present findings demonstrate that the relative stability of the weak hydrogen bond motifs are not entirely rooted in differences of electronic energy but also to a large extent by differences in the vibrational zero-point energy contributions arising from the class of large-amplitude intermolecular modes.
Introduction
The class of non-covalent intermolecular interactions defined as hydrogen bonding is a concept of enormous importance for a vast number of physico-chemical phenomena within diverse scientific disciplines e.g. the thermodynamic phase behavior of fluid mixtures, the mechanical properties of functional polymers and the complex molecular organization of biological systems of relevance to the energy, material and life sciences, respectively. In simple terms the hydrogen bond has historically been defined as an interaction X-H··A wherein a hydrogen atom forms a "bond" between the two structural moieties X and A, of which one or even both moieties have a moderate to low electronegativity. Hydrogen bonding is now understood as a more complex phenomenon with dissociation energies spanning two order of magnitudes in the range from about 1 to 80 kJ·mol −1 .
The nature of a weak hydrogen bond is typically dominated by electrostatic and dispersion contributions, making a clear-cut distinction between a weak hydrogen bond and a strict "van der Waals interaction" rather challenging. The characterizing preference for linearity of hydrogen bonds becomes less pronounced as the relative electrostatic contributions become smaller. This varying directional behavior of weak hydrogen bonds has been demonstrated from comprehensive statistical crystallographic database surveys of weak C-H··O hydrogen bond interactions in crystalline samples, where the hydrogen bond donor strength of C-H groups depends on the hybridization of the involved C atoms in the order C(sp)-H > C(sp 2 )-H > C(sp 3 )-H. These kinds of crystallographic structural surveys may be blurred by crystal-field effects but statistical analyses of larger structural data sets have pointed to a significantly more directional behavior of C(sp)-H··O hydrogen bond motifs and even C(sp 3 )-H··O hydrogen bond motifs relative to the isotropic non-linear contact geometries of strict van der Waals interactions.
1
The stabilization of hydrogen bonds between hydroxylic compounds and the π-electron clouds of olefins and aromatic compounds is another type of non-covalent interaction with more directional character than strict van der Waals interactions denoted weak OH··π hydrogen bonds.
The interaction energies of hydrogen bonding motifs revealed in crystalline samples cannot be extracted directly and quantitative measures of non-covalent intermolecular forces are often predicted for smaller molecular model systems in vacuo by high-level computational chemistry within the "supermolecular" approach. These hydrogen-bonded "supermolecules" or molecular complexes can be isolated in supersonic jet expansions, embedded in helium nanodroplets or cryogenic solid matrices and spectroscopically characterized to validate/falsify the intermolecular potential energy minima predicted by the hierarchy of quantum chemical calculations. These experimental approaches require both sufficient spectroscopic sensitivity and well-defined spectroscopic observables amenable to quantum chemical calculations. The intramolecular hydrogen bond donor X-H stretching vibrational mode of a hydrogen-bonded molecular complex is the most well-established mid-infrared spectroscopic indicator of hydrogen bonding. A strongly polar X-H bond usually gives rise to a pronounced spectral red-shift of the X-H stretching vibrational band origin in combination with a significant band broadening and gain in band intensity upon complexation relative to the "free" X-H stretching band. 1-3 A strong correlation between the hydrogen bond strength and the donor X-H stretching red-shift has been established with relative spectral red-shifts in the order of ca. 5% for classically organic hydrogenbonded systems. 2 The corresponding relative spectral red-shifts for weakly hydrogen-bonded systems is typically significantly smaller making it harder to distinguish clearly between weak hydrogen bonds and van der Waals interactions.
The two simplest "supermolecules" stabilized either by weak intermolecular C-H··O or OH··π hydrogen bond interactions, the mixed hydrogen-bonded molecular complexes of H 2 O and C 2 H 2 and C 2 H 4 , have both been intensively investigated by quantum chemical modeling but to a less degree by experimental work. The mixed C 2 H 4 -H 2 O complex has previously been isolated in molecular beams and studied by both electric resonance microwave spectroscopy 4 and Fourier transform microwave spectroscopy 5 whereas the mid-infrared spectrum of this complex solely has been obtained in doped cryogenic matrices of argon. 6, 7 The C 2 H 2 -H 2 O complex has also previously been studied by molecular-beam electric resonance microwave spectroscopy 8 and the mid-infrared spectrum has been investigated by argon matrix isolation spectroscopy, 9 molecularbeam optothermal spectroscopy 10 and molecular-beam diode laser spectroscopy. 11 The hydrogen bond configurations of these hydrocarbon-water complexes were inferred indirectly by the sizes of the spectral shifts associated both with the strongly IR-active intramolecular donor X-H stretching modes in the mid-infrared spectral region. The spectral red-shift of the asymmetric C-H (and C-D) stretching mode of C 2 H 2 has pointed at a weak intermolecular CH··O hydrogen-bonded configuration of the C 
Experimental
Approximately 0.02 mol of neon gas (Air Liquide, 99.999%) was deposited onto a gold-plated oxygen-free high thermal conductivity copper mirror at 3.6 K in an immersion helium cryostat (IHC-3) customized for matrix isolation spectroscopy. 16, 19 The neon gas was pre-cooled via a liquid nitrogen cooled (77 K) trap to achieve deposition flow rates in the range of 0.025 mol/h and the pre-cooled neon gas flow was subsequently doped with room temperature "freeze-pumpthaw" purified C 
16, 21-23
THz spectra collected for neon matrices doped solely with C 2 H 2 show no spectral evidence for any C 2 H 2 -containing cluster entities. The infrared active intramolecular vibrational fundamental transitions of C 2 H 2 are all observed in the mid-infrared region (not shown) and observable number densities of weakly bound van der Waals clusters containing C 2 H 2 are not expected in the employed concentration domain. Several previous microwave and infrared spectroscopic investigations have confirmed the existence of a T-shaped van der Waals interacting C 2 H 2 dimer of C 2v symmetry. 24 Harmonic force field calculations at the MP2/aug-cc-pVTZ level for this T-shaped conformation of (C 2 H 2 ) 2 , however, predict no significantly infrared active large-amplitude vibrational transitions in the studied THz region supporting the present experimental findings.
The simultaneous use of both C 2 H 2 and H 2 O as dopants in neon matrices allows the identification of one new distinct and reproducible band located at 145.5 cm −1 ( Fig. 1 , the blue trace).
The intensity of this band increases linearly both with added H 2 O and added C 2 H 2 suggesting the assignment to a 1:1 complex of H 2 O and C 2 H 2 . In order to support this vibrational assignment a series of THz spectra have been collected for neon matrices doped simultaneously with reported a CCSD(T) dissociation energy at the equilibrium structure in the basis set limit of just 6.32 kJ·mol −1 . This theoretical work did not predict any significantly infrared active large-amplitude intermolecular transitions in the studied THz region and thus supports our experimental findings.
In neon matrices doped simultaneously with H 2 O and C 2 H 4 one new distinct band appears at 187.5 cm −1 (Fig. 2) . The intensity of this band increases linearly both with the concentration of added H 2 O and added C 2 H 4 and can thus unambiguously be assigned to a 1: 
Exploratory Quantum Chemical Calculations
The quantum chemical software packages Gaussian09 (Rev. D.01) 29 and MOLPRO (ver.
2012.1)
30, 31 have been employed for ab initio electronic structure calculations. The potential energy minima geometries of the monomers and the mixed hydrogen-bonded hydrocarbonwater complexes have all been optimized using the second-order Möller-Plesset MP2 method 32, 33 combined with Dunning's family of augmented correlation-consistent triple-zeta (aug-cc-pVTZ) and quadruple-zeta (aug-cc-pVQZ) basis sets. 34 The single-point electronic energies for these optimized minima structures were subsequently furthermore computed employing both the coupled-cluster approach with single and double excitations and perturbative treatment of triple excitations CCSD(T) 35 and the explicitly-correlated CCSD(T)-F12b methodology 36 implemented in MOLPRO combined with the same basis sets to optimize the description of electron correlation. The effects of the basis set superposition errors 37 have been accounted
for by the implemented counterpoise methods. 38 The calculated absolute electronic energies from the MP2, CCSD(T) and CCSD(T)-F12b methods with the aug-cc-pVQZ basis set, the electronic complexation energies D e , the predicted harmonic vibrational zero-point energy corrections employing the MP2/aug-cc-pVQZ level and the resulting dissociation energies D 0 are provided in the electronic supplementary information.
Results and Discussion

The Hydrogen-Bonded 1:1 Complex of Acetylene and Water
The quantum chemical calculations at the CCSD(T)-F12b/aug-cc-pVQZ level agree with previous theoretical work 39, 40 and the previous and present experimental findings pointing at a weak and strictly linear intermolecular CH··O hydrogen-bonded configuration of C 2v symmetry with the C 2 H 2 subunit acting as the hydrogen bond donor (denoted conformer I, D e = 12.3 kJ·mol −1 ). In the microwave work by Peterson and Klemperer, they considered the isotopic shift of the dipole moment for the C 2 H 2 -H 2 O complex to investigate whether the system is planar or has a pyramidal structure. 8 The observed increase of the dipole moment upon deuteration of the H 2 O subunit helped them to conclude, that a hypothetical pyramidal structure must have a barrier so low that even the the ground state has an energy above the barrier. In the theoretical work by Xantheas et al., 39 it was found that quantum chemical methodologies tend to predict a pyramidal potential energy minimum but that the barrier decreases with the basis set size and completely vanishes when vibrational zero-point energy contributions are incorporated. We note that for the (H 2 O) 2 complex, the angle between the b-axis of the acceptor subunit and the intermolecular hydrogen bond is approximately 60 degrees possible due to electrostatic repulsion between the acceptor hydrogen atoms and the free hydrogen atom of the donor subunit. In the C 2 H 2 -H 2 O complex the b-axis of the H 2 O subunit coincides with the hydrogen bond and this may explain the much higher transition energy of the out-of-plane acceptor b-axis librational fundamental in the (H 2 O) 2 complex compared to the C 2 H 2 -H 2 O complex.
In addition to the global potential energy minimum, a local potential energy minimum involves a weak intermolecular OH··π hydrogen bond with the H 2 O subunit as a hydrogen bond donor to the π-cloud of C 2 H 2 (denoted conformer II, D e = 10.95 kJ·mol −1 ). Fig. 3 illustrates these two different CH··O and OH··π hydrogen-bonded conformations of the C 2 H 2 -H 2 O complex and provides both the electronic dissociation energy D e and the vibrational zero-point corrected dissociation energy D 0 for the two different conformations. The fundamental vibrational band origins and corresponding infrared band intensities predicted at the MP2/aug-cc-pVQZ level in the doubly harmonic approximation for both these conformations are given in Table 1 . This table provides the predicted harmonic band origins for the perturbed intramolecular vibrational modes, the predicted harmonic vibrational spectral complexation shifts relative to the isolated monomers ∆ω = ω com -ω mon and the predicted harmonic band origins for the large-amplitude intermolecular vibrational modes introduced upon complexation.
The CCSD(T)-F12b/aug-cc-pVQZ electronic energy difference of ca. 1.3 kJ·mol −1 between the CH··O and OH··π hydrogen bond motifs in the equilibrium configurations increases to 2.8 zero-point contributions are incorporated. The contribution from the spectral shifts of perturbed intramolecular vibrational transitions is dominated by spectral shifts of the hydrogen bond donor; spectral red-shifts for the intramolecular X-H stretching modes and spectral blueshifts for the intramolecular bending modes. The net contributions to the conformational energy difference is very small for the class of intramolecular vibrational modes as illustrated in Table  1 . In the global potential energy minimum, the two doubly degenerate vibrational modes associated with the symmetric and asymmetric CCH deformation modes of the isolated C 2 H 2 subunit are no longer degenerate upon complexation with H 2 O due to the broken cylindrical symmetry. Both the symmetric and asymmetric CCH deformation modes of the C 2 H 2 subunit are split into two different in-plane and out-of-plane components which are blue-shifted relative to the monomeric C 2 H 2 fundamentals. However, the complexation spectral shifts associated with the (225) 42.9 (27) a Ref.
9
b Present work infrared inactive degenerate symmetric CCH deformation and the symmetric C-H stretching modes of monomeric C 2 H 2 cannot easily be verified by direct absorption spectroscopy. The predicted harmonic spectral shifts for the most stable CH··O hydrogen bond motif (conformer I) are compared to the experimental spectral shifts when available both from the present neon matrix data and previous experimental work in Table 1 . The sum of harmonically predicted spectral shifts associated with the intramolecular vibrational modes in general seems to agree qualitatively with the experimental results which is most likely due to counteracting diagonal and off-diagonal anharmonic contributions. The highest intermolecular vibrational fundamental transition energy for conformer I is predicted to be just 180 cm −1 in the harmonic approximation which is associated with the largeamplitude H 2 O in-plane c-axis libration as illustrated in Fig. 4 . The harmonic prediction for this infrared active in-plane c-axis libration significantly overestimates the experimental anharmonic band origin observed at 145.5 cm −1 in the doped neon matrices. The observation and assignment of one single intermolecular vibrational band for the C 2 H 2 -H 2 O complex makes it hard to quantify the total anharmonic vibrational zero-point energy contribution from this class of large-amplitude intermolecular vibrational modes. However, anharmonicity contributions in the same order of 15-20% for large-amplitude intermolecular vibrational modes have been observed for a variety of more strongly OH··O hydrogen-bonded molecular complexes. 14, 17, 18 The predicted (harmonic) value of the dissociation energy D 0 of 11.3 kJ·mol −1 for the most stable conformation of the 1:1 C 2 H 2 -H 2 O complex should thus be regarded as a lower limit relative to the true value including anharmonicity corrections.
The Hydrogen-Bonded 1:1 Complex of Ethylene and Water
The present quantum chemical calculations support the previous 4-7 and present experimental findings that the global potential energy minimum of the 1:1 complex of C 2 H 4 and H 2 O involves a weak intermolecular OH··π hydrogen bond motif with the H 2 O subunit acting as the hydrogen bond donor. Extensive computational efforts to find another local potential energy conformation involving a weak intermolecular CH··O hydrogen bond motif with the C 2 H 4 subunit as the hydrogen bond donor were not successful. The CCSD(T)-F12b/aug-cc-pVQZ electronic dissociation energy computed at the equilibrium configuration D e is 10. Table 2 for the equilibrium configuration and this semi-empirical value of ∆ZPE translates into a D 0 - 
The Hydrogen-Bonded Ternary Complexes of Ethylene and Water
In all matrix isolation experiments where neon matrices are doped simultaneously with C 2 H 4 and H 2 O a broad absorption feature is observed in the 205-240 cm −1 spectral region (Fig. 2) .
In the high concentration regime where the weaker high-frequency donor OH librational band of the 1: 
Conclusions
The absorption spectra in the sub-10 THz range have been collected for the weakly bound The present work demonstrates that the intermolecular CH··O and OH··π hydrogen bond strengths are not determined solely by differences of electronic energy but to a significant degree by differences in vibrational zero-point energy contributions from large-amplitude intermolecular modes.
Supplemental Material
The electronic energies calculated at the MP2/aug-cc-pVQZ, CCSD(T)/aug-cc-pVQZ and CCSD(T)-F12/aug-cc-pVQZ level based on geometry optimizations at the counterpoise-corrected MP2/augcc-pVQZ level with harmonic vibrational zero-point energy corrections employing the MP2/augcc-pVTZ level are given as supplemental material together with the harmonic band origins for isotopic variants of the C 2 H 2 -H 2 O and C 2 H 4 -H 2 O complexes. 
